Cholesteric liquid crystals ͑CLCs͒ are one of the most interesting one-dimensional photonic crystals because the periodic helical structure is spontaneously formed and it exhibits an unusual optical property of selective reflection; circularly polarized light ͑CPL͒ with the same handedness of CLC helix is totally reflected when it is incident along the helical axis of CLC and the wavelength is the same as the optical pitch of the CLC. For sufficiently thick films, the reflectance of CPL with the same sign of rotation as the CLC helix is 100% within a frequency range corresponding to the photonic band gap ͑PBG͒.
1,2 Dowling et al. predicted that lasing should occur at the edge of a photonic stop band. 3 Thus, CLCs have been studied for various optical phenomena, particularly for optical lasing, because light within the PBG is confined and amplified at the PBG edge where the photon group velocity approaches zero. [4] [5] [6] [7] [8] [9] [10] [11] [12] However, due to its own optical property of selective reflection, a cavity cannot be formed when the metal mirror is adopted as an opposite mirror to a CLC film because of the phase change due to the reflection. Namely, circularly polarized light reflected by the CLC film changes its polarization to the opposite sense of rotation during reflection at the metal surface, resulting in no reflection at the CLC film when the light is reflected back to the CLC film. 13, 14 This phenomenon makes it difficult to apply CLCs to organic solid state laser with the same structure as organic light-emitting diodes which inevitably require a metal electrode for efficient charge injection.
In this work, we fabricated an optical cavity formed by metal and CLCs for the first time. To make CLCs totally reflect both left CPL ͑L-CPL͒ and right CPL ͑R-CPL͒, we fabricated a double-layered CLC mirror consisting of CLC films with L-and R-handed helices. The double-layered CLC film is expected to be used for electrically pumped organic solid state lasers, as we have already shown the cavity effect in an organic light-emitting diode ͑OLED͒ device. 15 In order to maximize the light reflection irrespective of polarization states, we combined a left-handed CLC ͑L-CLC͒ film and a right-handed CLC ͑R-CLC͒ film as shown in Fig. 1͑a͒ is incident on the double-layered CLC film, L-CPL is reflected by the L-CLC film and R-CPL passes through. The transmitted R-CPL is reflected by the R-CLC film. The transmittance and reflectance spectra for normally incident unpolarized light for a double-layered CLC mirror are shown in Fig. 1͑b͒ . Transmittance and reflectance spectra were measured using a microscope spectrometer ͑TFM-120AFT-PC, ORC͒. The total reflectance can be maximized over 90% by combining L-CLC and R-CLC films with the width of stop band of 525 -640 nm.
Dye-doped L-CLC was used as an active layer. L-CLC consists of a nematic liquid crystal ͑NLC͒ ͑ZLI2293, Merck, 77.7 wt %͒ and chiral dopant ͑MLC6247, Merck, 22.3 wt %͒. The dye used was poly͓2-methoxy-5-͑2Ј-ethylhexyloxy͒-1,4-͑1-cyanovinylene͒phenylene͔ ͑MEH-CN-PPV; obtained from H. W. Sands Corp.͒, as shown in Fig. 1͑c͒ , and the concentration was 2 wt %. The sample cell was made of glass substrates coated with a Ag layer of 200 nm thick and a double-layered CLC mirror, which were sustained by a 12-m-thick spacer. The sample was introduced into an empty cell using capillary action. For fluorescence and lasing emission measurements, a pulsed laser beam from an optical parametric oscillator ͑Surelite OPO; HOYA Continuum͒ pumped by third-harmonic light from a neodymium doped yttrium aluminum garnet laser was used as an optical pumping source. For efficient optical pumping, we adopted 480 nm, corresponding to the absorption peak, as a wavelength of input pulsed laser. The pumping laser beam was focused on the sample surface at oblique incidence ͑about 30°͒ and the emission from the sample cell was collected by a lens along the direction parallel to the helical axis ͑normal to the substrate͒ and then detected by a multichannel spectrometer ͑USB 2000: Ocean Optics, Inc.͒. Figure 2͑a͒ shows a lasing emission spectrum from a dye-doped L-CLC sandwiched between Ag and doublelayered CLC mirrors. Single-mode lasing was clearly observed, being attributed to photonic band edge of L-CLC at which photon group velocity approaches zero. For the threshold value, we plotted the dependence of the laser emission intensity on input pump energy ͑not shown͒. It was obviously shown that the differential function of the intensity is discontinuous. We define the break point of the differential function as a threshold energy and it was found to be 18 J pulse −1 . To confirm the effect of optical cavity, we fabricated two reference cells, ͑1͒ dye-doped NLC with mirrors and ͑2͒ dyedoped CLC devices without mirrors. We carried out the lasing experiments using the two reference cells. In dye-doped NLC sandwiched between Ag and double-layered CLC mirrors, multiple lasing peaks were clearly observed, as shown in Fig. 2͑b͒ , although the lasing threshold is much higher ͑65 J pulse −1 ͒ compared with that in L-CLC between Ag and double-layered CLC mirrors. In dye-doped CLC without mirrors, amplified spontaneous emission ͑ASE͒ with full width at half maximum ͑FWHM͒ of ϳ10 nm was observed, as shown in Fig. 2͑c͒ . These experiments clearly assure the existence of a cavity made of metal and double-layered CLC mirrors. The lasing condition was improved, i.e., lower threshold and narrower FWHM, by introducing the cavity structure consisting of metal and CLC mirrors. 16 Enhanced lasing emission has been reported using similar structures at surfaces. 17, 18 It is well known that lasing emission from dye-doped CLC is circularly polarized with the same handedness as that of the CLC helix. 4 What is the polarization state of the lasing emission in the present case, where dye-doped L-CLC is sandwiched by Ag and double-layered ͑R-and L-͒ CLC mirrors? For the polarization characteristic measurements, polarizers were placed between the sample cell and the spectrometer. As shown in Fig. 2͑d͒ , the lasing emission was not circularly polarized, i.e., no priority of R-and L-CPL was observed despite the use of the L-handed dye-doped CLC. The following two factors are responsible for the polarization characteristics: ͑1͒ The polarization is altered during reflection at the metal surface, and ͑2͒ the double-layered CLC film consists of R-and L-CLC films, and thus behaves as a total reflection mirror. Thus, it is reasonable that the difference of the amount of L-CPL and R-CPL is not large irrespective of the polarization state first formed.
To further investigate the cavity characteristics, the spontaneous emission spectra were measured in a thin MEH-CN-PPV film sandwiched between Ag and double-layered CLC mirrors, as shown in the inset of Fig. 3͑b͒ . MEH-CN-PPV was spin coated on a double-layered CLC mirror up to a thickness of 450 nm and then Ag was deposited on the polymer film by thermal evaporation up to 200 nm thickness. Emission characteristics and threshold behavior were measured by optically pumping the device. ASE was observed at the band edge of the double-layered CLC mirror, as shown in Figs. 3͑a͒ and 3͑b͒ . This FWHM ͑ϳ10 nm͒ is somewhat broader than that of thin films of small-molecular-weight organic semiconductors which are deposited by thermal evaporation in vacuum. [19] [20] [21] [22] In contrast to small-molecule-based organic vertical-cavity surface-emitting laser emission, it was reported that the emission spectrum has a broad bandwidth even above threshold in spin-coated polymer films. 23, 24 The mechanism of line narrowing was a subject of intense argument, but most researchers now agree that this narrow light is ASE. 25 The broad bandwidth was attributed to low Q factor 26 and nonuniformity of the cavity length. 27 The present device was for optical pumping. It should be noted, FIG. 2 . ͑Color online͒ ͑a͒ Emission spectrum from dye-doped CLC with Ag and double-layered CLC mirrors. Transmittance spectrum of a doublelayered CLC, reflectance spectrum of a dye-doped CLC, and fluorescence spectrum of MEH-CN-PPV are also shown. ͑b͒ Emission spectrum from dye-doped NLC devices with Ag and double-layered CLC mirrors. Multiple lasing emission is observed. ͑c͒ Emission spectra from a dye-doped CLC device without mirrors. ASE is observed. ͑d͒ Polarization characteristics of the dye-doped CLC device with Ag and double-layered CLC mirrors.
however, that this structure can be applied to electrically pumped device by depositing an additional metal mirror for electron injection.
Although lasing was not achieved in this experiment, we have confirmed the possibility that the optical cavity used in this experiment can be applied to solid state laser devices. There are several attractive characteristics in a metal/doublelayered CLC cavity structure, tunability and flexibility. Diaz-Garcia et al. 24 have found that single-mode operation is only realized when the peak is located within ϳ5 nm of the gain maximum in a Poly͑2-butyl, 5-͑2'-ethyl-hexyl͒-1,4-phenylene vinylene͒ ͑BuEH-PPV͒ microcavity. This means that there is no controllable factor determining the singlemode peak position because the optical cavity thickness must be adjusted to the gain maximum. To change the peak position, an emissive polymer with gain maximum corresponding to peak position must be required. In contrast to the microcavity structure, our structure has various factors which govern the wavelength of stimulated light because the stimulated emission occurs at the band edge of the double-layered CLC mirror and the helical pitch ͑band position͒ can be controlled by the amount of doped chiral unit or by stretching the CLC film. 28 Therefore a wide range of peak position is possible by combination of emissive material and doublelayered CLC's band position. Moreover, the use of a mechanically flexible substrate could be an additional advantage for laser technology and might lead to completely novel applications in instrumentation and display technology, which relies on large-area emitters and geometries not accessible by conventional inorganic laser materials.
In summary, we have fabricated the optical cavity with a metal mirror and a double-layered CLC mirror with high reflectance irrespective of polarization states. A single-mode lasing was observed in dye-doped L-CLC sandwiched between metal and double-layered CLC mirrors owing to the confinement of spontaneous emission. We also fabricated a flexible solid state device with spin-coated MEH-CN-PPV and demonstrated amplified spontaneous emission by optical pumping. This device is applicable for flexible and tunable electrically pumped OLED laser, if fundamental problems are solved in the future.
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